Abstract-This paper studies distributed choice of retransmission probabilities in slotted Aloha under power differentiation schemes. We consider random sets of possible transmission powers and further study the role of priorities (through power control) given either to new arriving packets or to backlogged packets. We study both the cooperative team problem in which a common objective is jointly optimized as well as the noncooperative game problem in which mobiles optimize individually their own objectives. We consider as objectives both maximizing throughputs as well as minimizing delays, and study the tradeoff between these objectives. We show that the new proposed schemes not only improve the average performances considerably but are also able in some cases to eliminate the bi-stable nature of the slotted Aloha.
I. INTRODUCTION
Aloha [1] and slotted Aloha [10] have long been used as random distributed medium access protocols for radio channels. They are used in satellite networks, sensor networks and cellular telephone networks for the sporadic transfer of data packets. In these protocols, packets are transmitted sporadically by various users. If packets are sent simultaneously by more than one user then they collide. After the end of the transmission of a packet, the transmitter receives the information on whether there has been a collision (and retransmission is needed) or whether it was well received. All packets involved in a collision are assumed to be corrupted and are retransmitted after some random time. We focus in this paper on the slotted Aloha (which is known to have a better achievable throughput than the unslotted version, [4] ) in which time is divided into units. At each time unit a packet may be transmitted, and at the end of the time interval, the sources get the feedback on whether there was zero, one or more transmissions (collision) during the time slot. A packet that arrives at a source is immediately transmitted. Packets that are involved in a collision are backlogged and are scheduled for retransmission after a random time.
£ eitan.altman @sophia.inria. In this paper we introduce two new schemes in which multiple power levels are used for transmission. When several packets are sent simultaneously, one of them can often be successfully received due to the power capture effect. We assume that the packet with the largest received power captures the channel [9] , [6] , [11] ; if two or more packets are transmitted simultaneously with the same power, we assume that neither one of them can be captured. In addition to the power diversity which had already been proposed in [9] , [6] , [11] we consider differentiation between new packets and backlogged packets and allow for prioritization of one or the other in terms of transmitted power. We study and compare in the paper the following schemes:
1) the one with power diversity and without prioritization, 2) a new packet is transmitted with the lowest power, and backlogged packets transmit at a random power selected among AE larger distinct levels.
3) a new packet is transmitted with the highest power, and backlogged packets transmit at a random power selected among AE lower distinct levels.
4) standard Aloha: all transmit with the same power. We first consider the problem of optimal selection of transmission probabilities for the various schemes so as to achieve the maximum throughput or the minimum expected delay. We discover however that in heavy load, the optimality is obtained at the expense of huge expected delay of backlogged packets (EDBP). We therefore consider the alternative objective of minimizing the EDBP. We study both the throughput as well as the delay performance of the global optimal policy. We also solve the multicriteria problem in which the objective is a convex combination of the throughput and the EDBP. This allows, in particular, to compute the transmission probabilities that maximize the throughput under a constraint on EDBP, which could be quite useful for delay-sensitive applications.
We show that the new schemes we propose not only improve the average performances considerably but are also able in some cases to eliminate the bi-stable nature of the slotted Aloha.
In addition to the global optimization problem, we also study the game problem in which each mobile chooses its transmission probability selfishly so as to optimize its individual objective. This gives rise to a game theoretic model of which we study the equilibrium properties. We show that the power diversity and the prioritization profit to mobiles also in this competitive scenario.
Related work: Various game formulations of the standard slotted Aloha (with a single power) have been derived and studied in [3] , [2] , [7] , [8] , [5] for the noncooperative choice of transmission probabilities. Several papers study slotted Aloha with power diversities but without differentiating between transmitted and backlogged packets, and without the game formulation. In [9] it is shown that the system capacity could be increased from 0.37 to 0.53 if one class of terminals always used high power and the other always used low power level. In [6] , power diversity is studied with the capture model that we use as well as with another capture model based on signal to noise ratio. [11] studies power diversity under three types of power distribution between the power levels and provides also stability analysis.
The rest of the paper is organized as follows. In Section II, we describe the problem and the model. In Section III, we discuss the team formulation of the problems. In Section IV, we discuss the game formulation of the problems. We evaluate the performance of different schemes numerically in Section V. We conclude the paper in Section VI.
II. MODEL AND PROBLEM FORMULATION
In this section we describe the new mechanisms of slotted aloha and associated assumptions used in this paper. We consider one central receiver and Ñ sources without buffer. We assume a perfect capture model where a successful capture of a packet at the receiver occurs when the power level selected of this packet is greater than those of all other packets transmitted in the same slot. A mobile terminal can transmit a packet using a power from AE different levels.
We use a Markovian model extending [4, Sec. 4.2.2] . The arrival flow of packets to source follows a
Bernoulli process with parameter Õ (i.e. at each time slot, there is a probability Õ of a new arrival at a source, and all arrivals are independent). As long as there is a packet at a source (i.e. as long as it is not successfully transmitted) new packets to that source are blocked and lost. 1 The arrival processes to different sources are independent. A backlogged packet at source is retransmitted with probability Õ Ö . We shall restrict in our control and game problems to simple policies in which Õ Ö does not change in time. Since sources are symmetric, we shall further restrict to finding a symmetric optimal solution, that is retransmission probabilities Õ Ö that do not depend on .
We shall use as the state of the system the number of backlogged nodes (or equivalently, of backlogged packets) at the beginning of a slot, and denote it frequently with Ò. For any choice of values Õ Ö ¾´¼ ½ , the state process is a Markov chain that contains a single ergodic 1 In considering the number of packets in the system, this assumption is equivalent to saying that a source does not generate new packets as long as a previous packet is not successfully transmitted. chain (and possibly transient states as well). Define Õ Ö to be the vector of retransmission probabilities for all users (whose th entry is Õ Ö ). Let ´Õ Ö µ be the corresponding vector of steady state probabilities where its Òth entry, Ò´ÕÖ µ, denotes the probability of Ò backlogged nodes.
When all entries of Õ Ö are the same, say Õ, we shall write (with some abuse of notation) ´Õµ instead of ´Õ Ö µ.
We introduce further notation. Assume that there are Ò backlogged packets, and all use the same value Õ Ö as retransmission probability. Let É Ö´ Òµ be the probability that out of the Ò backlogged packets retransmit at the slot. Then
Let É ´ Òµ be the probability that unbacklogged nodes transmit packets in a given slot (i.e. that arrivals occurred at nodes without backlogged packets). Then
Let É Ö´½ ¼µ ¼ and É ´½ Ñ µ ¼ .
III. TEAM PROBLEM
In this section we propose and analyze three different schemes. We observe that standard slotted Aloha is a special case of these proposed schemes.
A. Scheme 1 : Random power levels without priority scheme
In this subsection, we describe the use of a scheme in which multiple power levels are used at transmitter. A mobile terminal can transmit a packet (new arrival packets or backlogged packets) using one of AE distinct available power levels. In case all nodes use the same value Õ and Õ Ö , the transmission probabilities of the Markov chain is given by ÈÒ Ò· ´Õµ
where the probability of a successful transmission among ¾ packets, is denoted and given by
is the probability that a packet (new arrival or backlogged) will choose power level for retransmission.
B. Scheme 2: Retransmission with more power
In this scheme, a backlogged packet retransmits with a power from AE different distinct levels. A new arrival packet uses a lower power than any one these AE levels.
The random power levels are chosen uniformly. Successful capture occurs if one of the backlogged packet transmits with a power level which is larger than that chosen by all others transmitters or a single new arrival occurs and there is no retransmission attempt of any backlogged packet. The transition matrix is given by 
D. Performance Metrics
We present the performance measures of interest for optimization as a function of the steady state probabilities. Denote by Ò´Õ µ the equilibrium probability that the network is in state Ò (number of backlogged packets at the beginning of a slot). Then we have the equilibrium state equations:
The average number of backlogged packets which is given by The throughput satisfies (and thus can be computed through)
Indeed, the throughput is the expected number of arrivals at a time slot (which actually enter the system), and this is expressed in the equation for Ø Ô´Õµ by conditioning on Ò. The throughput should equal to the expected number of departures (and thus the throughput) at stationary regime, which is expressed in (5) .
The expected delay of transmitted packets D, is defined as the average time, in slots, that a packet takes from its source to the receiver. Applying Little's result, this is given by (6) Note that the first term accounts for the first transmission from the source.
Combining the last equality in (5) with (6) it follows that maximizing the global throughput is equivalent to minimizing the average delay of transmitted packets. We shall therefore restrict in our numerical investigation to maximization of the throughput. However, we shall consider the delay of backlogged packets as yet another objective to minimize.
Performance measures for backlogged packets. The throughput of the backlogged packets for each scheme is given by: Ø Ô Ø Ô´Õµ ¡ where ¡ is given by
Another relevant quantity in this context is the expected delay of backlogged packets which is defined as the average time, in slots, that a backlogged packet takes to go from the source to receiver. Applying Little's result, the expected delay of packets that arrive and become backlogged is given by
The team problem is therefore given as the solution of the optimization problem:
A solution to the team problem can be obtained by computing recursively the steady state probabilities, as in Problem 4.1 in [4] , and thus obtain an explicit expression for Ø Ô´Õµ as a function of Õ.
Stability.
Another qualitative way to compare schemes is in the stability characteristics of the protocol. Slotted Aloha is known to have a bi-stable behavior, and we shall check whether this is also the case in our new schemes.
Let us define the drift in state Ò´ Ò µ as the expected change in backlog over one slot time, starting in state Ò. Thus, Ò is the expected number of new arrivals accepted into the system [i.e.,´Ñ ÒµÕ ] less the expected number of successful transmissions in the slot; the expected number of successful transmissions is just the probability of a successful transmission, defined as
where È ×Ù is given by
For standard slotted Aloha it has been observed (see [4] ) that there are three equilibria, where an equilibrium is defined as a state Ò in which the arrival rate´Ñ ÒµÕ equals the departure rate È ×Ù . Moreover, among those three, the two extreme ones (the one corresponding to the smallest state and the one corresponding to the largest one) are stable.
2 A bi-stable situation as in the standard Aloha is undesirable since it means in practice that the system spends long time in each of the stable equilibria including in the one with large Ò corresponding to a congestion situation (low throughput and large delays). We shall study numerically the stability behavior of the various schemes.
Next, we discuss some properties related to the optimization problem.
Singularity at Õ ¼ . The only point where È does not have a single stationary distribution is at Õ ¼, where it has two absorbing states: Ò Ñ and Ò Ñ ½. IV. GAME PROBLEM Next, we formulate the game problem. This formulation is of interest as it is more appropriate in decentralized scenarios in which mobiles may not be controllable by a centralized entity (and so the team approach does not hold any more). The equilibrium concept then replaces the optimality concept from the team problem. It possesses a robustness property: at equilibrium, no mobile has incentive to deviate.
For a given policy vector Õ Ö of retransmission probabilities for all users (whose th entry is Õ Ö ), definé Õ Ö Õ Ö µ to be a retransmission policy where user retransmits at a slot with probability Õ Ö for all and where user retransmits with probability Õ Ö . Each 2 Recall that an equilibrium is stable if the drift corresponding to a small deviation (increasing or decreasing Ò) from the equilibrium is in the direction opposite to the deviation (e.g. if we take Ò slightly larger than the equilibrium then the drift should be negative, tending to decrease again Ò).
user seeks to maximize his own Ó Ø Ú ´Õµ. The problem we are interested in is then to find a symmetric equilibrium policy Õ £ Ö Ṍ Ö Õ Ö Õ Ö µ such that for any user and any retransmission probability Õ Ö for that user,
where the objective function is the throughput or minus the delay 3 . Since we restrict to symmetric Õ £ Ö , we shall also identify it (with some abuse of notation) with the actual transmission probability (which is the same for all users). Next we show how to obtain an equilibrium policy. We first note that due to symmetry, to see whether Õ £ Ö is an equilibrium it suffices to check (9) for a single player. We shall thus assume that there are Ñ · ½ users all together, and that the first Ñ users retransmit with a given probability Õ Ö 
and the average throughput of user Ñ · ½ is given by
Hence the expected delay of transmitted packets of user Ñ · ½ for both scheme is given by 
A. Maximizing the global throughput
As already mentioned, we shall not study the minimizing of the expected delay as it is equivalent to maximizing throughput. In Figure 1 
AE
for schemes 1-3). Throughout we use the notation Ñ Ü in the figure to indicate that scheme is used with number of nodes Ü. When we write Ñ Ü (without subscript) we mean that standard Aloha is used with Ü nodes.
We observe that when load is high, scheme 2 performs better than other schemes in terms of throughput. This is due to the fact that scheme 2 prioritizes the retransmission of backlogged packets. But when load is very high: Õ ¼ , the throughput of scheme 3 is highest. Under low load for Ñ , scheme 1 performs a little better than other schemes because prioritizing backlogged packets may not result in gain when there are few backlogged packets. All schemes outperform standard Aloha.
We next observe the result of maximizing throughput on the EDBP (Figure 1 (b) ). At moderate and high load scheme 2 performs best, and at very high load scheme 3 performs best. All the schemes perform very bad at heavy load. Standard Aloha gives the worse performance at all loads.
We plot the corresponding figures for Ñ ½¼ in Figure 2 and observe similar trends.
B. Minimizing EDBP
When maximizing the global throughput we observed a huge EDBP under all schemes in heavy load. Such large delay may be very harmful in many applications. We thus investigate directly the problem of minimizing EDBP. We shall also investigate the impact of this optimization on the throughput performance. We shall show in particular that throughput performance in the new schemes improves considerably with respect to standard Aloha even when standard Aloha uses the previous objective of maximizing throughput (this will correspond to Ó ½ in the figures, whereas Ó ¾ will correspond to minimizing EDBP).
In Figure 3 , we plot the performance of the various schemes for Ñ . Part (a) considers the impact on the throughput while minimizing the EDBP. It is seen that all three schemes outperform standard Aloha even when the latter uses throughput maximization as optimization objective. Scheme 1 is the best in terms of throughput only at light load, scheme 2 is the best in medium load whereas scheme 3 remarkably outperforms the other schemes at high loads (Õ ¼ ). In part (b) of the figure we see that Scheme 2 outperforms all others in terms of EDBP for both medium and high load. Part (c) provides the optimal retransmission probabilities. We observe the phenomenon of tiny optimal retransmission probabilities for standard Aloha when throughput is maximized, which explains its corresponding huge EDBP. In contrast, when EDBP is minimized standard Aloha has optimal retransmission probabilities of around 0.3 in heavy load whereas all other versions have much higher retransmission probabilities. The case of 10 mobiles is presented in Figure 4 which provides similar trends. Figure 5 illustrates the effect of all the new schemes as a function of AE. We observe that performance improves generally with increasing value of AE and the returns diminishes with increase in AE. 
C. Stability
In Figure 6 , we illustrate the stability behavior for
The drift is the difference between the curves (representing the departure rate or È ×Ù ) and the straight line representing the arrival rate´Ñ ÒµÕ . Since the drift is the expected change in state from one slot to the next, the system, although fluctuating, tends to move in the direction of the drift and consequently tends to cluster around the two stable points with rate excursions between the two (for samepower scheme). We see that slotted Aloha is the only scheme that suffers from the bi-stability problem. We see that for standard slotted Aloha, the departure is at most ½ whereas for different power schemes it is quite higher. By choosing a large value of retransmission probabilities, we can obtain situations where schemes 1 and 2 acquire a bi-stable regime, and the scheme 3 remains stable for all values of retransmission probability Õ Ö . For example, with 40 mobiles and Õ ¼ ½ , scheme 1 and 2 suffer from the bi-stable problem when Õ Ö ¼ (see Figure 7 ). It should be noted that the bi-stability can occur in all schemes, which is the case when the number of mobiles becomes large. For example, with 60 mobiles reported here) scheme 3 always turned out to have the largest region of parameters for which a unique stable point is obtained. The average number of backlogged packets for different schemes which correspond to their equilibrium points are given in Table II . This is compared to the expected number of backlogged packets. In the case of a single equilibrium, a good match is seen for schemes 1, 2 and 3, which means that the simple computation of the stable equilibrium can be used to approximate the expected number of backlogged packets. In standard Aloha we see that the congested stable equilibrium provides a very good approximation for the expected number of backlogged packets, which suggests that the system spends most of the time at that equilibrium. We observe also that we have same behavior in scheme 1 and 2 when the retransmission probability increases (around ¼ ). Scheme 1 and 2 acquire a bistable with Õ Ö ¼ . But contrary to standard aloha, we see from Table II that the expected number of backlogged packets for scheme 1 and 2 can be approximated by the desired stable equilibrium. That means that in the bi-stability case for scheme 1 and 2, the system spends most of the time at that equilibrium. Now if the mobiles becomes aggressive (Õ Ö around ¼ ), we see that the congested stable equilibrium provides a very good approximation for the expected number of backlogged packets in all schemes, which suggests that the system spends most of the time at that equilibrium. 
D. Multi-criteria Objective
So far we have considered the extreme cases of maximizing the throughput or minimizing the EDBP. In practice it may be of interest to have a multi-criteria optimization in which a combination of both is optimized. By varying « one can find appropriate tradeoff between the throughput and delays, so that the throughput be maximized while keeping the EDBP bounded by some constant. ¾ and the number of mobiles is 4, for all the new power schemes in Figure 9 . We observe that scheme 3 (less-power for retransmission) is insensitive to the value of « under different load. The optimal retransmission probabilities for scheme 3 are very close under both the objectives: when throughput is maximized and when EDBP is minimized. When « increases (i.e., gives more weight to throughput), the throughput of more-power and nopriority schemes increase with « at higher load. But the delay also increases for more-power (scheme 2) and no-priority schemes (scheme 1). Next, we plot the performance when AE Ñ in Figure 10 . The performance for all the schemes improve with increasing AE.
E. Game problem: maximizing individual throughputs
Next, we evaluate the performance of distributed game version of the team problems mentioned in previous sections. The notation Ñ Ü in the figures will mean that the total number of mobiles is Ü and they use scheme . We first consider the criterion of throughput maximization. For Ñ ¿ mobiles, Fig 11 (a), (b) and (c) show the global equilibrium throughput (i.e. the expression in Eq. (12) times the number of mobiles), the equilibrium EDBP and the equilibrium retransmission probabilities, respectively. We observe that the performance of more-power scheme (scheme 2) is the best in terms of EDBP. But at high load, the throughput of the less-power scheme (scheme 3) is best. We observe that the equilibrium retransmission probability is high (close to 1) and thus most aggressive for schemes 1-3 for any arrival probability. Standard Aloha at low arrival rates is less aggressive at equilibrium. A possible explanation for this behavior is the following. If an individual tagged mobile were very aggressive in standard Aloha (retransmission probabilities close to 1) then eventually all other mobiles would become backlogged which could increase the collision rate and thus decrease the throughput of the tagged mobile. Hence for some values of arrival probabilities the equilibrium behavior of standard Aloha is not very aggressive. In contrast, the new schemes suffer less from other mobiles becoming backlogged since they can reduce collisions due to the randomization and priorities. Hence increasing backlog of other mobiles does not penalize the tagged station anymore, so it has incentive to become more aggressive. The equilibrium transmission probabilities for schemes 1-3 are constants as function of Õ given by 0.9734 (for Ñ ¿ ).
Similar trends are obtained when increasing the number of mobiles to 4 in Figure 11 . The improved performance of the new schemes with respect to standard Aloha appears even with a small number AE of levels. We reduce AE to 2 in Figure 12 , and observe that the new schemes still outperform both standard Aloha as well as scheme 1 for all Õ . The equilibrium throughput of scheme 3 is seen to outperform considerably all other schemes.
A remarkable feature of the new schemes is that the equilibrium throughput is increasing in the arrival probabilities, which is a similar behavior as we had in the team problem. In contrast, for high loads the throughput decreases for Scheme 1 and it also contains a decreasing behavior in standard Aloha. Thus the competition in the game formulation does not allow to benefit from increased input rates for standard Aloha and Scheme 1 (except for low values of Õ ) whereas the new schemes do benefit from that. Finally, we note that schemes 1-3 all avoid the throughput collapse of standard Aloha (for which we see in Fig. 11 (a) 
F. Game problem: Minimizing individual EDBP
Next, we evaluate the performance of the distributed game problems of minimizing EDBP. We notice again from Figures 13(a) and 14 (for AE ½¼ and AE ¾ respectively) that the equilibrium throughput decreases in the arrival rates for Scheme 1 (for arrival probabilities larger than 0.5) and for standard Aloha (for arrival probabilities larger than 0.2). In both Schemes 2 and 3 it increases (for both AE ½ ¼ and AE ¾ ) yet the increase is much larger in Scheme 3. This scheme outperforms all others for any Õ . Schemes 1-3 all avoid the throughput collapse of standard Aloha. We observe the decrease in throughput for schemes 1-3 when AE decreases from 10 to 2. This is due to the fact that now the number of mobiles is more than that of power levels and there are more collision events.
We observe a non-monotonic behavior of the equilibrium EDBP for scheme 3 in Figs 13(b) for AE ½¼.
According to Eq. (14), this means that as the arrival rate increases, the throughput grows faster than the expected number of backlogged packets. This nonmonotonicity does not occur for AE ¾ (Fig. 15(a) ). Scheme 2 and 3 have very close EDBP which is better than scheme 1
and standard Aloha for all Õ .
As in the throughput maximization, we see that schemes 1-3 are very aggressive in terms of retransmission probabilities for AE ½¼ and AE ¾ (Figs 13(c) and 15(b), respectively).
An interesting feature to note is that the throughput obtained when maximizing the individual throughput is less than that obtained when minimizing the EDBP. This is due to the fact that we are in a non-cooperative game setting, for which the equilibria are known not to be efficient (as is the case in the famous prisoner's dilemma paradox). Table III summarizes the performance of the game problems in terms of throughput and EDBP.
VI. CONCLUSIONS
We have studied in this paper two new schemes that involve both prioritization as well as power diversity for increasing the throughput and decreasing the EDBP. We studied optimal choices of transmission probabilities both in a cooperative team setting as well as in a noncooperative setting modeled using game theory. We saw ) show the EDBP and retransmission probability when the objective is to minimize the EDBP for all the schemes for 4 mobiles and 2 levels. that our new Scheme 3 has the best stability properties and the best throughput performance in the game setting. The throughput performance of both new schemes 2 and 3 benefit from increasing the arrival rate in the game scenario, in contrast with the standard Aloha which suffers a throughput collapse, and with the power diversity scheme 1 (without priorities) whose equilibrium throughput decreases in high load. In the team case, our new Scheme 3 is the best in very high load and Scheme 2 is the best in medium load when maximizing throughput; Scheme 2 is best for both medium and high load when minimizing EDBP.
A remarkable feature of our scheme 3 is that it performs very well in the game setting as compared to the team problem. In particular, when maximizing the throughput, we see that in heavy traffic it attains the maximum achievable throughput as is the case for the team formulation.
As a part of future work, we would like to study the impact of pricing on the performance of game problems.
